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Abstract Conventional fossil fuels such as coal, oil and natural gas are being reduced
and become more and more a source of serious undesirable effects on the environ-
ment. Wind power is playing a major role in the effort to augment the share of
renewable energy sources in the world energy mix with a continuously increasing
penetration into the grid. Wind turbine generators can be divided into two basic
categories: fixed speed and variable speed. Variable-speed wind energy systems
are presently favored than fixed-speed wind turbines thanks to their higher wind
power extraction, improved efficiency, reactive power support and voltage control.
This study addresses the problem of control of Wind Energy Conversion System
(WECS) in variable speed. To this end, two simultaneous control objectives, namely
the maximization of the energy conversion efficiency based on Squirrel Cage Induc-
tion Generator (SCIG) wind turbine and the regulation of the active and reactive
power feed to the grid, to guarantee Unit Power Factor (UPF), have been established.
To deal with the complexity and nonlinearity of the system, the sliding mode con-
trol is adopted. Indeed, this technique provides an efficient tool for controller design
and presents attractive features such as robustness to parametric uncertainties of the
different components of the system. In this way, sliding-mode control laws are devel-
oped using Lyapunov stability analysis, to guarantee the reaching and sustaining of
sliding mode and stability of the system control. Evaluation of the reliability and
performance of the proposed sliding mode control approach has been established on
a 3MW three-blade wind turbine. Simulation results demonstrate that the proposed
control strategy is effective in terms of MPPT control strategy, active and reactive
power tracking trajectories and robustness against system parameter variations.
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1 Introduction

Currently, the demand for electric energy is growing rapidly. On the other hand, the
conventional energy sources are depleting fast, their costs are going up, and they
are causing the environment contamination. To meet these challenges, the attention
has focused to renewable and clean energy sources, like wind, solar, fuel cell, etc.
[6, 39].

Wind energy is an important renewable green energy resource. Indeed, it is
omnipresent, environmentally friendly, and freely available [8]. Further, it is charac-
terized by its high reliability and cost effectiveness. Thanks to all these features, the
wind power generation capacity has been growing rapidly, with an average annual
growth around 30 %, in the world, over the last decade.

Electric energy is generated from wind using a wind turbine and an electric gener-
ator. It can be used either for standalone loads or fed into the electric network through
a suitable power electronic converters.

A wind turbine operates either at a fixed or variable speed.

e A fixed-speed wind turbine generator generally uses a squirrel-cage induction
generator to convert the mechanical energy from the wind turbine into electrical
energy (Fig. 1). The generator is connected directly to the electric network. The
system operates almost at constant speed even if the wind speed varies. This
topology is simple, less expensive and effective. But, it suffers from the low energy
capture, mechanical stress and mediocre power quality [8, 20, 21, 25].

e Variable-speed wind turbine generator provides high efficiency in capturing the
energy from wind over a wider range of wind speeds, along with better power qual-
ity. Also this scheme is capable to regulate the power factor, by either consuming
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Fig. 1 Cage induction generator-based fixed speed wind turbine
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Fig. 2 Variable speed wind turbine connected to a grid

or producing reactive power, and ensure lower mechanical stress. The power elec-
tronic converters are incorporated between the electrical machine and the power
system as shown in Fig.2 [22, 24, 33].

Most of the major wind turbine manufacturers are developing new megawatt scale
wind turbines based on variable-speed operation with pitch control.

1.1 Wind Turbine Generators Technologies

Different types of electric machines are used for the generation of electric energy
from wind:

e Permanent Magnets Synchronous Generator (PMSG): The PM generators can
be divided into radial-flux and axial-flux generators. The advantages of a PMSG
configuration are gearless construction, the elimination of a dc excitation system,
full controllability of the system for maximum wind power extraction and grid
interface; and straightforward in accomplishing fault-ride through and grid support
[7, 20, 21]. However, the major drawback of the PMSG is the high cost of the PM
material and power converter [28].

e Doubly-Fed Induction Generator (DFIG)—wounded rotor: With this topology,
the stator is connected directly to the grid whereas the rotor is linked to the grid
via a bidirectional converter [27, 32]. The main characteristics of the DFIG are
(i) limited operating speed range (ii) small scale power electronic converter (iii)
reduced power losses and cost (vi) complete control of active and reactive power
exchanged with the grid. However the most important disadvantages are necessity
of gear and use of slip-rings which involve maintenance.

e Squirrel Cage Induction Generator (SCIG): Induction generators were used
for a long time for constant speed wind turbines. In this operating mode, the pitch
control or active stall control are imposed for power limitation and protection. Cur-
rently, it is used for variable-speed wind energy systems which guarantee superior
wind power extraction and better efficiency. In comparison with the DFIG, this
configuration offers extended speed operating range, and complete decoupling
between the generator and the network (Fig.2), which results in higher power
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extraction at different wind speeds and improved capability to realize the low-
voltage ride-through. Indeed, SCIG provides some advantages when compared
with the PMSG and DFIG such as light weight, small size, high reliability, main-
tenance less, high efficiency, low cost and operational simplicity [19, 36].

1.2 Control Technique Strategies of WECS

Wind generator and its control is a very complex electromechanical system. Lin-
ear controllers have been widely used in the engineering field for their reliability
and simplicity. However, their parameters are usually tuned with the approximately
linearized model. Consequently, the dynamic control performance may not be guar-
anteed during the transients of the wind turbine with WECS. To overcome these
disadvantages, many methods for the design of controllers for the WECS have been
investigated in order to ensure better control performance in terms of transient sta-
bility and robustness to parameter uncertainties or disturbances. These methods are
summarized as follow:

e Field Oriented Control (FOC). Common control of grid-connected WECS is
based on FOC [1, 5]. The scheme decouples the stator current into active and
reactive components in the synchronous reference frame. In this technique, the
control of the system is accomplished by regulating the decoupled stator currents,
using proportional-integral controllers [3]. However, the major disadvantage for
this linear control scheme is that the performance may demean in the case of
deviation of the machine parameters, such as stator and rotor inductances and
resistances, from values used in the control system.

e Feedback linearization. The control based on this technique has been the subject
of several investigations [14]. The aim of this method is to make the model of
the system to be controlled exactly linearized by coordinate transformation using
differential geometry theory. The obtained linearized system allows the synthesis
of the control laws based on the linear optimal control principles. However, these
control designs require precise models and often cancel some useful nonlinearities.
Therefore, it does not guarantee the robustness in the presence of parameter uncer-
tainties or disturbances. To overcome this drawback, numerous adaptive versions
of the feedback linearizing techniques are then proposed [15, 38]. References [26,
41] present an application of this approach.

e Backstepping technique. This method offers an efficient tool for controller syn-
thesis through building step by step the Lyapunov functions which can guarantee
the asymptotic stability of the overall closed-loop system [17]. Indeed, the back-
stepping is less restrictive compared to the feedback linearization control which
cancels the nonlinearities that might be useful. Unlike the adaptive controllers,
based on certain equivalence, which separate the design of the controller and the
terms of adaptation, adaptive backstepping has emerged as an alternative. This
technique has been successfully applied for control of power system and wind
power generator system in [3, 29, 30].
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e Direct Torque Control (DTC). In contrast to vector control with linear con-
trollers (PI), DTC technique presents advantages such as simple structure and
insensitivity to the parameters disturbances. The DTC technique directly controls
machine torque and flux by selecting voltage vectors from a look-up-table using
the stator flux and torque information. The problems with the DTC method is
that (i) performances are very mediocre during starting and low-speed operation;
(ii) converter switching frequency variation complicates the power circuit design;
(iii) ripples in flux and torque [34]. This is due to the use of predefined switch-
ing table and hysteresis regulator. To deal with those drawbacks modified DTC
strategies, incorporating space vector modulation, have been used to obtain con-
stant switching frequency [16]. Nevertheless, further drawbacks were introduced,
such as additional PI controller parameters, and sensitivity to system parameter
variations [13, 18].

e Direct Power Control (DPC). More recently, direct power control was developed
based on the principles of DTC strategy. In [42], it was demonstrated that the con-
trol system is less complicated and robust against parameters machine variation.
Nevertheless, switching frequency varies significantly with active and reactive
power variations, rotor slip, and hysteresis bandwidth of power controllers. Ref-
erences [12, 34, 42] present an application of this technique.

¢ Sliding-Mode Control (SMC). Itis the most robust control techniques for systems
with uncertainties and parameter variations. It dates back to the 70s with the
work of Utkin [40]. SMC features simple implementation, disturbance rejection,
strong robustness, and fast responses. Nevertheless, the problems of chattering
inherent in this type of discontinuous control appear quickly and may excite the
highfrequency dynamics neglected sometimes leading to instability. Methods to
tackle this phenomenon have been developed [35]. More recently, This technique
has been successfully applied for wind power system in [10, 11, 23, 37].

In this study, a SMC strategy, for a variable speed wind turbine equipped with
SCIG connected to the grid through power converters is developed:

e The prime control objective of the WECS is to capture the maximum wind power
through MPPT control strategy. To this end, the turbine tip-speed ratio should be
kept at its optimum value despite wind variations.

e The second objective consists of maintaining the DC bus voltage constant and to
achieve the grid-side Unity Power Factor (UPF).

In the sections that follow, the chapter first introduces the mathematical model of
different components of wind energy conversion system in Sect.2. Then, Sect.3
presents the synthesis of the control laws of the SCIG in order to maximize the wind
energy conversion efficiency. Control design, of active and reactive power injected
into the grid, is developed in Sect.4. Section5 presents the simulation results to
demonstrate the performance of the proposed SMC strategy. Finally, the conclusions
are made in Sect. 6.
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2 Mathematical Model of Wind Energy Conversion System

The complete wind energy conversion system consists mainly of three parts: a wind
turbine drive train, a SCIG, and two back-to back Voltage Source Converters (VSC).
The system considered is shown in Fig. 3.

2.1 Model of Wind Turbine

The wind turbine basic principle is to convert the linear action of the wind into
rotational energy. The converted energy is used to drive an electrical generator. Hence,
the kinetic energy of the wind is transformed to electric power.

The wind power acting on the swept area of the blade A is a function of the air
density (1.225 kg/mz) and the wind speed V,, (m/s). The transmitted power Pw (w)
is generally deduced from the wind power using the power coefficient C,, as [9]

1
Py=3.C0B)-p-A- V3 (1)

The power coefficient is a nonlinear function of the tip speed-ratio A, which depends
on the wind velocity and the rotation speed of the shaft w,.
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Fig. 3 Control scheme of wind turbine based-SCIG connected to a grid
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Table 1 Parameters of the coefficient of power

Symbole C1 C2 C3 C4 C5 C6
Value 0.5109 116 0.4 5 21 0.0068
R-wy,
= @)
Vi
where R is the blade radius (m). The coefficient of power is expressed as
Cz _CS
Cp()\,,ﬂ)zcl T—C3'ﬂ—C4 - €Xp T—C6~)\
1 1 0.035 3)
A A+0.08-8 B3+1
The parameters of coefficient of power are defined in Table 1.
Then, the input torque in the transmission mechanical system is given as
P, CyApB)-p-A-V3
7, =P _ »(A, B) - p W @

w; 2w,

The maximum value of C,, (A, B) is Cpjax = 0.47 and obtained for A,,, = 8.1 and
for B = 0°. If the parameters are in pet unit, A, and C,,_,, can be computed as

N A
pu —
& 5)
C I
Pp Cp—opt

Both mechanical shafts are linked by the gearbox. The equation is expressed as [2]

d m
HE" T T, — Fu, (6)
dt

where H = Hj, + H), + H, is the inertia constant of the single rotating mass (which
includes the blades, hub and generator rotor), w,, is the rotor speed and F is the
damping coefficient of a single mass.

2.2 Model of the Induction Generator

The generator, converting mechanical energy into electrical energy, is a SCIG with its
stator windings connected to the grid through a frequency converter. The induction
generator is described by 5th nonlinear mathematical model, in the space vector by
the following state-space form [3, 20, 21]
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1 di_yd 8 . + . 8 ¢ Vsd (7)
—_ = —01l Wslsg — rd —
wp dt thad 1 2o oL
1 diy, Vs
—— =0 .s - s‘s Gl rd — ! 8
o di 1lsg — Wslisa + 03P oL, 3
1 d¢rd Rr¢rd Rer .
—_ = — — lsd (9)
wp dt Lr Lr
1 dgy  RLy
— e = .5 - s — Wi, 1 10
o T isg — (@5 — W) Pra (10)
dwy, L, .
ZHT = —L—r¢)rdlsq+7-;n _Fa)m (11)
where
RyL% + R,L2 R/L L
0 = st rm732_ LN mwmyLr=LUr+Lm and Ly = Los + Lm

oLsL2 T oL2 P T oL,

L, and L, are the leakage inductances of stator and rotor, L,, is the mutual induc-
tance. w, = 2xf is the system base frequency, w; is the synchronous electrical speed,
wy, 1s the rotor speed of the SCIG.

Remark The nonlinear control is applied to orient rotor flux on d-axis of the rotating
reference frame, therefore, @,, = 0 and @,y = Ps.

2.3 Model of the Converters

The frequency converter is built by two current-regulated voltage-source pulse width
modulation (PWM) converters: a Machine Side Converter (MSC) and a Grid Side
Converter (GSC), with a dc voltage link in between.

The modeling of the converters is made by using the concept of instantaneous
average value. The converter is equivalent to a matrix topology as given in (12).

Vea v [ 2 =1=17 s
Vo | =% =12 -1 5, (12)
Vie 3 l-1-12 | s

S4, Sp, S¢ are variables which represent the switching status and take the value 1
when the switch is closed (on) and O when it is opened (off).
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The model of DC link voltage is given as [4]
Cvge—— = Pge — Py, (13)

where C is the capacitance, P, is the active power of generator and P, is the active
power injected into AC network.

2.4 The Model of the Filter

The SCIG is connected to the grid through a filter. The model of the filter is given
by [20, 21]

digg . .

Via = Lfd_]; + Ryig — Lywelyy + eq (14)
diy . .

vy = Ly~ + Reigg + Lyoeiia + ¢ as)

where Ly and Ry are the filter inductance and filter resistance respectively; vy and vy,
are the filter voltage components of d-axis and g-axis respectively, e; and e, are the
grid voltage components of d-axis and g-axis respectively, iy; and iy, are the values
of the current of d axis and g-axis respectively, and w, = 2nf where f is the grid
frequency.

3 Nonlinear Control of SCIG

A generator side converter connected to the stator of the SCIG effectively decouples
the generator from the grid. Hence, the generator rotor speed depends only on the
wind conditions.

The first control objective is to track the optimum generator speed w,,_p; and to
orient the rotor flux on the d-axis.

3.1 Control of Generator Speed

The optimum generator speed w,, . is generated by a MPPT technique to determine
the stabilizing function. The tracking error between speed and its reference is given as

€1 = Wm_opt — Wy (16)
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The sliding surface is chosen as follow
S1(1) = Kie (1) a7)

where K| is a positive constant feedback gain.
In order to satisfy the sliding mode existence law, the control input is chosen to
have the following structure

u(t) = teq () + 1y (1) (18)

where u,,(t) is an equivalent control-input that determines the system’s behavior on
the sliding surface and u,(¢) is a non-linear switching input, which drives the state
to the sliding surface and maintains the state on the sliding surface in the presence
of the parameter variations and disturbances [31, 40]. The equivalent control-input
is obtained from the invariance condition and is given by the following condition
Si=0and & = 0= u(t) = u, ).

Hence the derivative of the sliding surface (17) is given as

Tdr dt

dsi(n _ =K, (dwm opt dw,,,)
_ dwm_opt K m ¢ref
_KlT—i_ﬁ( I T +F(,()m

19)

The iy, can be viewed as a virtual control in the above equation. It is derived to ensure
the SCIG speed convergence to the optimum speed. To ensure the Lyapunov stability
criteria i.e. dS 81 <0, the nonlinear control input iy, ., is defined as

. 2Hdwm opt +T F Lr (20)
Ls, = — 'y,
- dt " Lm‘pref
The nonlinear switching input iz, can be chosen as follows
' H (e1) (2D
lsg—n = —« sgn (e
! ! Lm¢ref g !

where «; is a positive constant and the sign function is defined to reduce the phe-
nomenon of charting as

S(t)
sgn (§(2)) = m (22)

where ¢ is a small positive number. Then, the reference of g-axis current is
expressed as

d Wm_opt

isq_,ef:( 20 1 T, — Fw, — 2Hay sgn (eo) (23)

m¢ref
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Substituting (23) in (19), the g-axis current sliding surface dynamics becomes

ds (1)
dt

= _Klal sgn(el) (24)

3.2 Control of d-Axes Rotor Flux

The d-axis rotor flux @,; can be estimated from Eq. (9) as

Ly,
rd—estim = ——————1s 25
Drd—est 1+T,~sld (25)

where T, = “’;;L’ is the time constant.

The stabilizring error between ¢,4 and its desired trajectory ¢, is defined as

e (t) = ¢ref - ¢rd (26)
To stabilize the d-axis rotor flux @,,, the new sliding surface is selected as
$2(1) = Kaex (1) (27)

where K} is a positive constant. The derivative of S, (#) using (9) and (27) is given as

dSZ(t) d(bref Rr .
=K : Krwp,— (¢, L, 28
o 2~ + Ky L [¢ra + Linisal (28)

Then, the equivalent control iy ., (29) is obtained as the solution of the equation
dsa () _
a =% L dée 1
r ref
— — —0, 29
oLk a0 9)

lsd_eq = —

As a result, the stabilizing function of the control current is defined as

r

Lr dd’ref _ L(]ﬁd _

30
oy LyR, di L, onL, R, 22 SEn (@) (30)

isdfref = —
where «; is a positive constant. Using (30), the d-axis current sliding surface dynam-
ics (28) becomes
dS> (1)
dt

= —Kra sgn (e) (€1))

Since the d-axis current and the g-axis current are not our control inputs, the stabi-
lizing errors between iy s and is, s and their desired trajectories, respectively, are
defined as
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€3 (t) = isdfref(t) - isd(t) (32)
eq(t) = ixq_ref(t) - isq ®) (33)

To stabilize iz () and iy, (?), the new sliding surfaces are selected as

(34)

[ S§3(1) = Kze3(?)
S4(1) = Kyeqy(r)

where K3 and K are a positive constants. Then, the derivative of sliding surfaces are

defined as iS50) i Ji
3 Lsd_ref Lsd
— =K — - — 35
dt : ( dt dt ) (35)
ds.(t) digg o digg
=K, |—— — 36
dt ¢ ( dt dt (36)

when replacing (7) in (35) and (8) in (36), then track the same steps used to obtain
the control currents, the control voltage laws are obtained as

1 disd?ref . . o3

V.vd_ref =oL,|\——— — 81 Iyd + Wslsg — 82¢rd — ——Sgn (33 (t)) (37)
wp dt wp
1 dls _ref . . o2

Vsqﬁref = ULs (_Cl)_b# - a1 lsg — Wslsd + a3(z)rd - CU_b sgn (84(t))) (38)

3.3 Stability Analysis

Theorem 1 The dynamic sliding mode control laws (37) and (38) with stabilizing
functions (23) and (30) when applied to the SCIG side converter, guarantee the
asymptotic convergence of the generator speed w,, and the d-axis rotor flux @, to
their desired values wy, oy and ¢,.r, respectively.

Proof Consider the following positive definite Lyapunov function

12121212
Vi= 28t + 85+ 581+ 58 (39)
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By considering (24), (31), (35) and (36), the derivative of (39) can be derived as
follows

dvy dS; . dS»_ dS;_  dSs

e N e 3 g, 04
dt dt l+dt 2+dt 3+dt 4
= —Kiaje; sgn (e)) — Kjones sgn (e2) (40)
digg ror ~ disg disg v di
K2 sa_re, _ +K2 q_ _ q
+Ases ( dt dt 4\ T dt

Substituting the control laws (37) and (38) in (40) gives

dv
d—tl = —Kjaje; sgn (e (1)) — K3azes sgn (ea(t))

— Kjasey sgn (e3(1)) — Kiaues sgn (eq(r)) (41)

4
= za,-Kf leil <0
i=1

From the above analysis, it is evident that the reaching condition of sliding mode is
guaranteed.

4 Sliding Mode Control of Grid Side Converter

The aim of the grid side converter control is to maintain the dc link voltage constant,
thereby ensuring that the active power generated by the SCIG is fed to the grid. Also
this control must be able to provide perfect tracking performance of the reactive
power fed to the network to its reference trajectory.

4.1 Control Laws of Reactive and Active Powers

By orienting the grid voltage space vector on the d axis, we obtain

ed:V

=0 (42)

Substituting (42) in (14) and (15) gives the following equations of the filter

difd 1
Ly

(Vfd - Rfl'fd + waeifq - V) 43)
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diy, 1 . .
d_[q = L_f (qu — Rflfq — waglfd) (44)

The reactive power and active power of grid can be expressed as
Py =iyV (45)
Qr = iV (46)

From (45) and (46), it can be seen that the active and reactive power of grid can be
controlled by the direct and quadrature components current, respectively. Then, let’s
define

es(t) = ifg_ror — i (47)
e6(t) = ifg_rer — Ity (48)
where iy s and if, s are the desired values of the iy and ig,. The current ify o is
derived directly from the control loop of the DC bus voltage, while iz, ,.r is computed
by (48). Q,, is set to zero in order to ensure unit power factor if,_r = 0. The sliding

surface for if; and iy, can be expressed as

S5(t) = Kses(t) 49)

Se(1) = Kges (1) (50)

The DC bus voltage is regulated by using the proportional integral (PI) regulator.
The derivative of (49) and (50) using (43) and (44) gives

dSs(1) dl'fd ref 1 . .
= K. - — — —R Lrw,is, —V 51
i s\~ L (va — Rl + Lyweigy — V) 6D
dSe(1) digg rer 1 . .
dr = K, (—;t — E (qu — Rflfq — Lfa)ezfd) (52)

To ensure the reaching condition ‘%SS < 0, the equivalent control v_.,(?) is

obtained as di
lfd . .
Vid—eq = Lf% + Rflfd - Lfa).lfq +V (53)

Subsequently, the control law is written as follows

diga_

dtref + Ryifg — Lyw.ig; + V + a5 sgn (es(1)) (54)

via = Ly
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In the same way, the control voltage law for the reactive power tracking is given as

dl re, . .
Vig = Lf‘% + Rrify + Lyw.igg + Lyae sgn(ee (1)) (55)

4.2 Stability Analysis

Theorem 2 The dynamic sliding mode control laws (54) and (55) when applied to
the grid side converter, guarantee the asymptotic convergence of the reactive and
active powers to their reference trajectories P,y and Q,, = 0, respectively.

Proof Consider the following positive definite Lyapunov function

1 1
Vo= oS5+ 55 (56)

By considering (51) and (52) the derivative of (56) can be derived as follows

dV,  dSs dSe
—_— = —3S
dt dt s+ dt 6

digy 1 . .
= Kies ( d (via — Ryl + Ly welgy — V))

dt Lf
di ref 1 . .
+Kge (L =+ (v — Ryigg — waelfd)) 57
a L

Substituting the control laws (54) and (55) in (57) gives

dv,
dt

—asK3es sgn (es(1)) — agKge sgn(es(1))

= —asK? |es| — agKZ les|
<0 (58)

Therefore the condition of sliding mode of the system is guaranteed.

5 Simulation Results and Discussion

A 3MW, 690V SCIG wind turbine system is simulated in the MATLAB/Simulink
software environment to demonstrate the effectiveness of the proposed control
scheme. The SCIG wind turbine is modeled by 5th nonlinear mathematical model.



546 M. Quassaid et al.

Utility Grid
(Infinite Bus)

Bus 4
Transformer
25/125KV
20 km
= Bus 2
1 km
Turbine Transformer
0.69/25KV
DC/AC 10 km
converter
_.G Bus 1
s Bus3

Vigref Vidref
Control laws f— Ve
Eqs(16), fe—
Gade) | g
e %

Fig. 4 Schematic diagram of the proposed control of SCIG wind turbine

The MSC and the GSC are represented by a switch-level model in which the oper-
ation of each individual switch is fully represented. Figure4 shows the scheme of
the implemented system. The parameters of the SCIG wind turbine are given in the
Table 2.

The power reference is generated by a maximum power point tracking (MPPT)
algorithm that searches for the peak power on the power—speed curve.



Sliding Mode Control of Induction Generator Wind Turbine Connected to the Grid 547

Table 2 Parameters of the wind turbine SCIG

Symbol Quantity Value

P, Rated power 3 (MW)

Vs Rated voltage 690 (V)

F Rated frequency 50 (Hz)

Ry Stator resistance 0.004843 (pu)
Ly Stator leakage Inductance 0.1248 (pu)
R, Rotor resistance 0.004347 (pu)
L, Rotor leakage Inductance 0.1791 (puw)
L, Mutual inductance 6.77 (pu)

H Per unit Inertia constant 3.04 (pu)
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Fig. 5 Simulation results of MPPT control of SCIG wind turbine
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5.1 Responses of MPPT Control

To extract maximum power corresponding to a specified wind velocity, the frequency
at the terminals of the SCIG is adjusted in such a way that the machine rotates at
a speed corresponding to the MPP. The objective of this case is to show the overall
performance of the proposed controller under varied conditions of operation. With
this purpose, the simulation was carried out considering the wind speed profile and
rated wind speed presented in Fig. 5.

In this figure, it’s also represented the pitch angle, the tip speed ratio, the coefficient
of power conversion, the aerodynamic power, the generator speed and the optimum
speed. It is shown that the pitch angle value is set at 0°, the tip speed ratio is equal to
8.1, and the power coefficient Cp is around of 0.47 when the wind speed is lower than
11 m/s. Once the rated speed is greater than 11m/s, the rated power 1 p.u (3MW) is
obtained.
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5.2 Tracking Performance of DC Link Voltage and Powers

The Fig. 6 depicts the response of the DC bus voltage. It is noticeable that is regu-
lated at 1380 V. Figure 7 presents the simulation results concerning the grid side: the
voltage, the current, the reactive and active powers, respectively. It can be seen that
the measured active power tracks very well the reference. Also, the reactive power
is equal to its reference which is set to 0. Consequently, the unity power factor is
achieved, since the current and the voltage of the grid are in phase.

5.3 Robustness to Parameter Disturbances

In this section, simulation results of the wind turbine SCIG under parameter variation
is considered, in order to confirm the robustness of the proposed control. While the
variations of the stator and rotor leakage inductances during operation are insignif-
icant, mutual inductance variation should be taking into account due to possible
variation of the magnetic permeability of the stator and rotor cores under differ-
ent operating conditions. Figure8 shows the simulation results with inductances
used in the controller with increase of 450 % from their original values. Besides,
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Fig. 8 Performance of the system under 4+-50 % change in inductance values
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Fig. 9 Performance of the system under +50 % change in resistances of stator and rotor

variations of stator and rotor resistances should also be considered. Simulation results
with change of resistances of stator and rotor (with the range of +-50 %) are shown in
Fig.9. As aresult, it can be seen that the proposed scheme can still provide consistent
performance even if system parameters have changed.

6 Conclusion

Compared to other types of renewable energy, wind energy system has become a fast
increasing energy source in the world; mainly as a consequence of its environmentally
friendly, high reliability and cost effectiveness.

WECS based on SCIG is one of promising topology to reduce maintenance costs
and to increase mechanical robustness and versatility. Further, it guarantees superior
wind power extraction, better efficiency in variable-speed of the wind and improved
quality of the energy feed to the grid.

In this context, two simultaneous control objectives have been investigated:

e the maximization of the energy conversion efficiency based SCIG wind turbine
e the regulation of the active and reactive power injected into the grid, to ensure
UPF,
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To this end, a sliding-mode control strategy, which presents attractive features such
as robustness to parametric uncertainties of the different components of the system,
has been adopted. The globally and exponentially stability of the derived control
laws has been proven by applying Lyapunov stability analysis.

Simulation results have been performed to illustrate successful mathematical
analysis and prove the effectiveness of the proposed nonlinear control laws. It can
be observed from the simulation study that proposed controllers guarantee good per-
formance in terms of (i) tracking of maximum power, (ii) reactive power regulation
to guarantee unity power factor and (iii) robust feedback control solution despite
parameter uncertainties and disturbances.
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